Properties of ionic liquids (ILs) are required for the design of products and processes involving ILs. Although innumerable ILs may be generated through the combination of a variety of cations, anions and substituents, only a small part of them have been reported to exist (have been synthesized). The available experimental data are generally limited and sometimes even contradictory. A detailed knowledge about the properties of ILs is critically important, especially for ILs not yet available. Based on collected experimental data from numerous literature sources, a series of group contribution models have been developed for estimating various properties (density, heat capacity, viscosity, surface tension, melting point) of ILs. To evaluate the predictive capability of the proposed or employed group contribution models, nearly 70% of the datasets (i.e. training sets) are used for correlation, and then the remaining datasets (i.e. test sets) not included in the training sets are used for prediction. The calculation results show that the proposed group contribution models can predict the properties of studied ILs with sufficient accuracy. These property estimation models can both be used easily, and also provide estimation of important properties for previously unstudied ILs, some of which may be considered as potential solvents in many industry applications.
Introduction
Ionic liquids (ILs) are molten salts, which are liquid at ambient temperature and have many attractive features such as almost negligible vapor pressure, low melting point, high thermal and chemical stability, 1 wide electrochemical window, and also provide good solubility and selectivity for a wide range of materials like organic, inorganic and biomaterials. These characteristics make ILs as potential alternatives to the volatile organic chemicals (VOCs) for applications in chemical, 2, 3 biochemical, [4] [5] [6] [7] pharmaceutical 8 and electrochemical industry [9] [10] [11] [12] as well as for separation processes (like acid gas removal, [13] [14] [15] extraction, [16] [17] [18] extractive distillation 19, 20 ).
Usually, ILs consist of diverse organic cations where are attached to various substituents and organic or inorganic anions, which result in more than a trillion of possible ILs. Because of this tunable feature, suitable tailor-made ILs containing desired physical and thermophysical properties can be generated by adjusting the cation, anion, and side chains on the cation 21 for specific applications.
The increasing interest in ILs in chemical, biochemical and other industrial processes requires systematic knowledge of the properties of ILs in order to predict their behavior needed for product and process design involving these compounds. Therefore, study of property characterization and development of structure-property relationships for ILs is as important as the investigation of their applications.
So far, only a limited number of ILs have been reported and the available experimental data of their properties is still scarce and restricted to some well-studied ILs, moreover, experimental data from different sources are sometimes contradictory. Considering the potential of ILs and their very large number, to measure the properties for all conceivable ILs is impractical. Therefore, theoretical or empirical methods are alternative and promising ways to achieve the required information on their properties.
Currently, a variety of methods have been proposed for estimating the properties of ILs, among them, group contribution methods are popular since they can be easily used and they are also the basis of the development of computer aided molecular design (CAMD) methods, 22, 23 which are useful techniques for confidently identifying optimal ILs containing desired properties for specific applications. 24 The purpose of this work is to develop reliable group contribution methods for the estimation of several properties (density, heat capacity, viscosity, surface tension and melting point) for ILs. The ultimate target is to be able to use the method not just for well-known ILs but also for the many ILs previously not-studied, which may be considered as potential solvents in practical applications.
A comprehensive database has been created by collection of physical and thermophysical properties of ILs from numerous literature sources and also by a priori generation of new ILs. 
The experimental data collected in this database were extracted for fitting the correlation equations and for generating the group contribution parameters. To evaluate the predictive performance of the proposed or employed group contribution models, training sets including nearly 70% of the datasets are used for correlation, and then the remaining datasets (i.e. test sets) not included in the training sets are used for prediction. The calculation results show that the proposed group contribution models allow accurate prediction of properties for a variety of ILs. A complete list of the studied properties of ILs is provided in the Supporting Information. Together with discussions on the prediction accuracy and reliability of the proposed group contribution methods, a brief analysis regarding the effect of temperature (and pressure) as well as of the IL molecular structure on the studied properties is also provided. Finally, we also present comparisons with some literature methods when this is possible.
Results and discussion

Density
As one of the most basic physical properties, density is required in the design of processes in material science and chemical engineering. Particularly, knowledge about density of ILs is essential since they are considered as promising alternatives for VOCs in applications in the chemical and biochemical industry. And the density data of ILs is needed in the design of product and process involving these compounds. However, given the huge number of ILs that can be combined by different kinds of functionalized cations attached to various substituents and anions, it is not possible to measure the density for all potential ILs. Therefore, the development of predictive methods for their density is of great importance.
To date, several methods for density estimation have been proposed for ILs in the form of empirical correlations [25] [26] [27] [28] [29] or equation of state-based methods. [30] [31] [32] [33] [34] However, these proposed models require volume and molecular information for the prediction of density. Therefore, simple group-contribution based methods that avoids this information is more attractive, especially in the integration of ILs in process design where the formulated problems are usually complex. As density is a temperaturepressure dependent property, some temperature-pressure related correlation must be developed. We have found that the form shown in Equation 1 is the best model with a minimum average absolute relative deviation (AARD) % (defined as Eq.4).
where is the density in kg.m -3 , is the temperature in K and is the pressure in MPa. , and are estimated via a group contribution method according to
where is the total number of different groups in the molecule and denotes the number of groups of type , and the group contribution parameters , , , and , can be obtained by fitting the available experimental data into Eq.1 using Eq.3 as the objective function.
where represents the number of experimental data points while subscripts and denote experimental and calculated properties, respectively.
A total set consist of 7360 density data points for 143 ILs covering 6 cations, 18 anions and 3 side groups in a wide range of temperature, 273.15-473.15K and pressure 0.1-250.7 MPa compiled in this work are analyzed and used. The uncertainty of these experimental data points is 0.25% with a maximum value of 2.27%, indicating their reliability, and therefore no data is rejected. Using Eq.3 as calculation model, the model parameters are fitted to 5039 experimental data for 90 ILs with an AARD (%) of 0.43%. Subsequently, this model is validated by a calculation of density for 53 ILs containing 2321 data points not included in the training set. The resulting AARD (%) of prediction for the test set is 0.67% which shows a good prediction ability of the proposed group contribution models. Comparison between experimental and correlated/estimated densities of ILs and distributions of relative deviations between experimental data and model calculations (defined as Eq.5) for both training and test sets are presented, as shown in Figure 1 .
To improve the reliability of the model parameters of the estimation method, all 7360 data points are employed as regression set and the corresponding group contribution parameters .ρ , .ρ and c .ρ are generated and provided in Table 1 . From the values of group contributions, different cations have similar contributions to the density of ILs. Temperature has a similar impact on the density of different families of ILs while the pressure contribution to the density of different families of ILs varies widely. As for most organic chemicals, the density of ILs increases with the decrease of temperature or the increase of pressure. As shown in Figure 2 , comparison between experimental and calculated densities of ILs and distributions of relative deviations between experimental data and model calculations of all data points are presented. The overall AARD (%) of the studied ILs is 0.49% with a maximum deviation of 4.60%. Among 7360 data points, 70.5% of the calculated densities are within relative deviation of 0.0-0.50%, 15.2% within 0.5-1.0%, 13.0% within 1.0-3.0%, and only less than 1.2% of the calculated densities have deviation higher than 3.0%. 
Heat capacity
Heat capacity is an important thermophysical and thermodynamic property that characterizes a compound and it can also provide information on temperature of phase transitions and reaction equilibria. 35 A satisfactory knowledge of heat capacity is necessary to understand the structural changes of a compound. The information of heat capacity is required in many engineering calculations like entropy, enthalpy and changes in reaction enthalpies with temperature.
Unlike the density of ILs, their heat capacity varies widely with different structures. Since available experimental heat capacities of ILs are limited to a few families of ILs, alternative methods should be established to overcome this limitation.
There have been a few literature studies in this respect. Gardas and Coutinho proposed a temperature dependent correlation equation (Eq.6) that can predict the heat capacity of ILs very well. 35 However, only 3 cations, 6 anions and 3 side groups were considered in their work. In the current work, this method is extended to more families of ILs:
where represents the heat capacity in J.mol -1 .K -1 , is the absolute temperature in K and is the gas constant (8.3145 J.mol -1 .K -1 ). , and are parameters that are estimated from group contributions using Eq.7.
where is the number of groups of type and represents the total number of different groups in the IL molecule. The group contributions parameters , , , and , are obtained by fitting the available experimental data in Eq.6 using Eq.8 as the objective function.
A number of 3304 heat capacity data points for 61 ILs including 6 cations, 14 anions and 3 side groups in a wide range of temperature, 189.66-524.87K collected in the database are studied. These experimental data points have an uncertainty of 2.27% and a maximum of 10.23%. Among these data points, a training set including 2391 experimental data for 44 ILs is used for the correlation of this model and an AARD (%) of 0.39% is obtained. Then, this model is evaluated by the prediction of heat capacity for the remaining 913 data points for 17 ILs. The resulting AARD (%) of prediction is 0.62% which shows that this group contribution model can estimate the heat capacity of studied ILs with sufficient accuracy. As shown in Figure 3 , the calculation results are illustrated as the comparison between experimental and correlated/predicted heat capacities of ILs. Meanwhile, distributions of relative deviations between experimental data and model calculations for both correlation and prediction sets are illustrated as well. In most cases, the deviations of predicted heat capacities are less than the corresponding experimental uncertainties. Table 1 shows the calculation results of group contribution parameters . , . and c . using all 3304 data points as correlation set. Generally, the heat capacity of ILs increases with increasing temperature. For ILs having a common cation and anion, the heat capacity increases when the number of -CH3 decreases or the number of -CH2-and -dmN increase on the cation. The relationship between the calculated and the experimental heat capacity is presented in Figure 4a , an overall AARD of 0.43% is observed for this correlation. The relationship between RD (%) and experimental heat capacity is also given (see Figure 4b) . From these 72.0% of the correlated heat capacities are within relative deviation of 0.0-0.40%, 16.4% within 0.4-1.00%, 11.4% within 1.0-3.0%, and only 0.2% of the calculated heat capacities have larger than 3.0% deviation. The maximum relative deviation is 4.6% observed for 1-propylpyridinium hexafluorophosphate ([C3Py][PF6]) at 380 K. 
Viscosity
Viscosity is the property of a fluid which opposes the relative motion between two surfaces of the fluid. A good knowledge of the viscosity of fluids and their mixtures is important for the design of process piping, heat-transfer equipment, stripping columns, liquid-liquid extractors, reactors, distillation columns, crystallization equipment, and other units used in various oil, chemical, paint and food industry. The information on viscosity is indispensable in the process design and is also required for process simulation and optimization. 36 Compared to the viscosities of conventional organic solvents, viscosities of ILs are generally much higher. Experimental data for this property are still scarce and restricted to a few families of ILs, therefore, empirical or theoretical predicted methods are necessary.
Some predictive methods have been proposed for estimating viscosities of ILs based on the OrrickErbar-type approach, 37 the Vogel-Tammann-Fulcher (VTF) equation, 36 then a QSPR correlation was developed for two families of ILs, dicyanamide and tributyl-(3-amino-propyl) phosphonium. 38 However, these methods either require density information for the estimation of viscosity or are limited to a small families of ILs. To overcome these restrictions, an easy method covering more families of ILs is necessary. For this purpose, we have developed a new correlation equation (Eq.9) which, moreover, shows improvement in the viscosity prediction of ILs compared to literature
where is the viscosity in Pa.s and is the temperature in K. 0 is an adjustable parameter, also expressed in Pa.s. , and are estimated by a group contribution method, shown in Eq.10.
where is the total number of different groups in the molecule and is the number of groups of type . The group contributions , , , and , are generated by fitting the available experimental data into Eq.9 using Eq.11 as the objective function.
For this property, 1090 experimental data points for 76 ILs covering 8 cation cores, 16 anions and 3 side groups in a wide range of temperature, 278.0-408.15 K were extracted from the database. The uncertainty of these experimental viscosity data is 3.69% with a maximum value of 25.15%. A training set consists of 778 data points for 56 ILs is used to correlate the proposed group contribution model (Eq.9) with an AARD (%) of 3.36%. To evaluate this model, the generated group contribution parameters are employed to predict the viscosity of 20 ILs containing 312 data points not included in the training set. The resulting AARD (%) of prediction is 5.63%, showing that the experimental viscosity can be described well by the proposed model. For both training and test sets, comparison between experimental and calculated viscosities of ILs and their corresponding distributions of relative deviations between experimental data and model calculations are presented, as shown in Figure 5 .
For all substances (76 ILs) the AARD (%) is 3.58%, and the corresponding optimum value of 0 is found to be 14.877 Pa.s. As presented in Figure 6 , among all 1090 data points, 67.2% of the calculated viscosities are within relative deviation of 0.00-3.0%, 18.5% within 3.0-8.0%, 12.5% within 8.0-20.0%, and only 1.8% of the calculated viscosities having larger than 20.0% deviation. The maximum relative deviation is 27.7% observed for 1-butyl-3-methylimidazolium trifluoroacetate
The generated group contribution parameters , , , and , are provided in Table 3 . Since where -CH3 attached directly to the cation or not has a great influence on the viscosity of ILs containing imidazolium, in order to obtain a better correlation performance of the estimated model for the viscosity of some ILs, we divide imidazolium cation cores into 1,3-dimethylimidazolium (+) and 1,2,3-trimethylimidazolium (+). Usually, the viscosity of ILs decreases with an increase in temperature while it increases with the increase of the side chain length on the cation. 
Surface tension
The surface tension is an important property in many fields like reactor engineering, chemical and biochemical engineering, and it also relates to environmental problems. 39, 40 The increasing interest in ILs requires a better knowledge of their surface properties, for example, in the IL-based extraction or multiphasic homogeneous catalytic reactions 41 where processes occur at the interface between ILs and other solvents (aqueous or organic phase) that require the information of surface properties. Considering the experimental surface tension is only available for a small number of well-known ILs, the development of estimation methods for this property of ILs is needed.
Gardas and Coutinho proposed a QSPR correlation based on parachors which can be used together with a prediction method for the densities to predict the surface tensions of ILs. 42 However, this QSPR correlation requires information of both parachors and density. Therefore, an easier to use method with higher prediction accuracy may be more attractive. In this study, we propose a new correlation equation (Eq.12) for the prediction of the surface tension of ILs, where numerous experimental data of surface tension from various families of ILs are used.
where is the viscosity in N.m -1 and is the temperature in K. Parameters , and are calculated by a group contribution method according to
where is the total number of different groups in the molecule while denotes the number of groups of type , and the group contributions , , , and , are obtained by fitting the collected experimental surface tension data into Eq.12 while using Eq.14 as the objective function.
In this work, 1365 surface tension data points for 102 ILs involving 6 cation cores, 18 anions and 2 side groups in a wide range of temperature, 262.89-393.0 K are collected. These experimental data points have an uncertainty of 2.16% and a maximum of 20.65% is observed. Using Eq.12 as calculation model, a training set including 952 experimental data for 72 ILs and a test set containing 413 experimental data for 30 ILs not considered in the training set are used for correlation and prediction of surface tension, respectively. The AARD (%) of correlation set is 2.87% and the AARD (%) of prediction set is 4.71%, indicating a good predictive capability of the proposed group contribution model. As shown in Figure 7 , the calculation results are presented as the comparison between experimental and correlated/predicted surface tension of ILs, while distributions of relative deviations between experimental data and model calculations for both correlation and prediction sets are presented as well.
As with the viscosity, the surface tension of ILs decreases with increasing temperature, but it increases with the increase of the side chain length on the cation. Using all 1365 data points as correlation set, the group contribution parameters , , , and , are achieved and given in Table 4 .
As shown in Figure 8a , calculated surface tensions are in good agreement with experimental data of surface tension collected from literature. Figure 8b shows the relationship between RD (%) and experimental data of surface tension for all correlated 1365 data points. The overall AARD (%) is 3.10%. From these 50.3% of the correlated surface tensions are within relative deviation of 0. 
Melting point
The Melting point of a substance is a basic physical property that describes the temperature at which it changes state from solid to liquid at atmospheric pressure. As for the conventional organic chemicals, a detailed information of melting point of ILs is essential in the products and processes design involving these compounds. Particularly, the melting point of ILs varies widely with their structure (cation, anion and substituents) . 43 The QSPR and group contribution methods are two usual methods applied to correlate and predict the melting point of ILs . 44 Katritzky 45 and Carrera 46 proposed QSPR models for the melting point based on the same experimental data of 126 structurally diverse pyridinium bromides. Then, Lazzús presented a simple group contribution method to estimate the melting points of several families of ILs, which shows that the group contribution method is an excellent alternative for estimating the melting point of diverse ILs. 47 In this work, a new group contribution-based correlation (Eq.15) is proposed for estimating the melting point of ILs. where is the melting point in K. Parameters , a and g denote the number of cations, anions and side groups in the molecule while c , a and g represent the group contribution of the cations, anions and substituents for the melting point, respectively. These group contributions are obtained by fitting the available experimental melting point data into Eq.15 using Eq.16 as the objective function. 
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A total set consist of 225 experimental melting point data for 111 ILs covering 6 cation cores, 13 anions and 3 side groups are used in this study. The uncertainty of these experimental melting points is 0.59% with a maximum value of 2.52%, showing the reliability of the studied data points. Among these 225 data points, 162 data points for 75 ILs is used to correlate the proposed group contribution model (Eq.15) with an AARD (%) of 4.70%. Then, the rest of 63 data points for 26 ILs are employed as test set to evaluate this model. The resulting AARD (%) of prediction is 7.09%, showing sufficient prediction accuracy of the proposed model. For both training and test sets, comparison between experimental and calculated melting points of ILs and their corresponding distributions of relative deviations between experimental data and model calculations are presented, as shown in Figure 9 .
An overall AARD of 4.7% is achieved by using all substances (111ILs) as regression set, and the relationship between experimental and calculated melting point for all 225 data points is shown in Figure 10a . Figure 10b gives the relationship between RD (%) and experimental melting points that provides more information of the proposed melting point estimation method. Among all 225 data points, 64.2% of the correlated melting points are within relative deviation of 0. Table 5 shows the calculated results of the group contribution parameters c , a and g for melting point of ILs using all 225 data points as correlation set. As the side chain length increases on the cation, the melting point of ILs decreases, however, it will increase dramatically when group -CH3 attached directly to the cation (-CH3 (ring)) is present, which is validated by the group contributions of -CH3, -CH2-and -CH3 (ring). For ILs having same anion and similar side groups on the cation, the melting point increases with cation following the order: Imidazolium < Pyrrolidinium < Pyridinium < Tetramethyl ammonium < Tetramethyl phosphonium < Piperidinium. A summary of property estimation of ILs using group contribution methods proposed in this work is given in Table 7 , in which the number of fitted data points and the AARD% of each cation based ILs as well as all families for the studied properties are provided. To contrast the performance of the developed methods with some other corresponding methods from literature, we compiled the number of fitted and predicted data points, the required related information, the AARD% and the maximum relative deviation of all estimated methods for each property, shown as in Table 8 . The comparisons reflect the reliability and the simplicity of the group contribution methods for studied properties proposed in this work. 
Conclusion
Group contribution property estimation methods for the density, heat capacity, viscosity, surface tension and melting point of ILs have been developed. More than 13300 experimental data points from about 200 ILs covering 6 cations, 19 anions and 4 substituents in a wide range of temperature (and pressure) were used to generate the group contribution parameters. The calculation results of both correlation and prediction sets, presented as the comparison between the experimental and calculated properties of ILs as well as distributions of relative deviations between experimental data and model calculations, showing the good predictive capability of the proposed group contribution methods. A summary of property estimation of ILs using group contribution methods proposed in this work is provided and comparisons between these methods with some other corresponding methods for all studied properties from literature are presented to validate the performance of the estimated methods proposed in this work.
The group contribution methods presented in this work can predict the properties of both well-known ILs and for those never previously studied, which make it possible to use CAMD methods for identifying the potential optimal ILs rapidly and confidently in specific applications involving ILs. 
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